Introduction
Nanoparticle (NP) science provides a large possibility to unveil novel properties of NPs. In semiconductor technology, qualitative alteration of function with non-linear effect was found by making highly ordered nanostructure ensembles on or inside device substrates such as quantum dot arrays for solar cells 1 . Despite the wide variety of NPs with various size and shapes have been found, it is difficult to obtain such highly ordered nanostructure ensembles in the case of NPs synthesized in liquid environments without stabilizing or capping molecular agents for adjusting the ordered patterns by tuning the collective interaction between self-assembled NPs.
In this study, we propose a novel strategy to control the positions of NPs on solid substrates with electrostatic interaction between an ionic crystal surface and ionic liquids (ILs), as shown in Fig. 1 . We used a rutile TiO 2 (110) single crystal surface where Ti 4+ and O 2-ions are anisotropically ordered along the [001] direction, and expected that such microscopic charge array of Ti 4+ and O 2-ions on the surface could work to order the NPs and ILs. Our group previously reported sputter deposition in ILs as a facile method in which the ILs have dual roles as size-controlling and stabilizing agents. It was also recently found experimentally that ILs formed stacking layer structures on substrates. Thus, we expected that the IL layer structures also stabilize the NPs, i.e. hinder NP diffusion strongly in the vicinity of surface and arrange the NPs spontaneously according to the surface charge array through the electrostatic interaction. Here, we show a proof of the existence of finite interactions between ILs and TiO 2 (110) which influence the adsorption process of the NPs onto the surface, indicating that the combination of charged surface and charged molecules has a potential to control locations of the NPs on the surface.
Experimental
We used the following three ILs belonging to two groups: one group included 1-butyl-3-methylimidazolium ([C 4 4 ]). Samples were prepared through two processes, as follows. The Au NPs were kept in ILs without exposing the air during the sample preparation. As for the first step, Au NPs were synthesized by sputter deposition in the ILs in accordance with the previous report 2 . The IL solution of 600 µm 3 was dried in vacuum for 3 h at 378 K before use. The IL solution was spread on a glass plate at a stage in the sputter coater, JFC-1300 (JEOL Ltd.). Sputtering of the Au target was carried out for 300 s in an Ar atmosphere of 20 Pa at room temperature. Sputtering current was set to 40 mA. As the second step, the Au NPs were immobilized on TiO 2 (110) as follows. TiO 2 (110) single crystal substrates (Shinkosha Ltd.) were calcined in air for 2 h at 1173 K to remove contamination before use.
Step density of a TiO 2 (110) surface was typically 6-8 steps in 1 x 1 µm 2 , which varied with the substrate's history. IL droplets containing Au NPs were applied to the substrate surface with covering the whole surface followed by heating at a certain temperature within a range of 323 K for 30 min to immobilize the NPs on the surface. Finally, to remove the excess amount of ILs, the substrate was immersed gently in acetonitrile solution for 18 h. The obtained sample surfaces treated with three kinds of ILs were observed by AFM in atmosphere at room temperature. All of the AFM data were acquired with NanoScope IIIa multi-mode AFM (Veeco Instruments Inc.) in tapping mode operation. 4 ] were excluded from the total area of AFM images for the correct evaluation of density of NPs on terraces.
Results and discussion
We considered the difference between three cases of ILs based on the density and the size of NPs resulting from the interactions among the Au NPs, the ILs and the TiO 2 Therefore, we can deduce the influence of anions in the ILs on the immobilization process of NPs from the results as shown in Fig. 2(a) to (c) We suggested that the feature is 'local viscosity' of ILs in the vicinity of substrate surface, resulting in the increasing the amount of NPs immobilized on the surface without change in the particle size.
Conclusions
We found the adsorption states of Au NPs on TiO 2 (110) varied with the ILs that encapsulate the NPs during the entire process from the synthesis to the immobilization of NPs. We suggested that the electrostatic interactions between IL and IL and between IL and the surface(TiO 2 (110)) were basically dominant, and 'local viscosity' of ILs in the vicinity of surface were influential. Our results show that the combination of charged surface and charged molecules has the potential for controlling locations of the NPs on the surface preferentially with tuning the electrostatic interaction. 
